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The aim of the study was to evaluate whether or not dipole analysis of extracranially recorded epileptiform activity, using 
a spherical three-shell head model, may distinguish epilepsy of mesolimbic origin from origins of other locations. Dipole 
analysis was performed on previously extracranially recorded interictal epileptiform discharges in 22 patients investigated for 
ictal onset patterns with subdural electrodes over one or both subtemporal areas. The dipole results in two groups of patients 
were compared. Group A contained patients in whom the subdural investigation showed subtemporal seizure onset (indicating 
mesolimbic epilepsy) ipsilateral to the dipole locations. Group B contained patients in whom seizure onset was other than 
ipsilateral subtemporal, or in whom seizure onset could not be determined. Group A patients had uniform dipole results, 
with an oblique posterior, slightly elevated dipole orientation, and an anterior temporal dipole location. Group B patients had 
more variable dipole results. If dipoles with anterior temporal ocation, and oblique posterior and elevated orientation are 
obtained, epilepsy of mesolimbic origin should be suspected. If the dipole locations or orientations markedly deviate from 
this pattern, the epileptogenic region is likely to be other than mesolimbic. 
Key wora!s: epilepsy; dipole; mesolimbic. 
INTRODUCTION 
In recent times surgical treatment of patients with 
drug-resistant partial epilepsy has gained increasing 
interest. The results of surgical removal of the epilep- 
togenic region have been encouraging’, especially in 
patients with temporal lobe foci. In order to ensure 
good postoperative results, however, accurate preop- 
erative localization of the epileptogenic region is im- 
portant. Currently, at least in non-lesional cases, de- 
cision on surgical strategy is often based on local- 
ization of the area of seizure onset with intracranial 
electrodes, implanted in the subdural space or intrac- 
erebrally2* 3, or in some cases with foramen ovale 
electrodes4. However, in order to get an optimal in- 
tracranial coverage of possible epileptogenic areas, a 
preceding extracranial work-up is necessary5, and by 
improving the methods for extracranial focus local- 
ization, the chances of identifying the epileptogenic 
region should increase. In addition, since intracra- 
nial investigations are associated with considerable 
costs and some risk of complications5, more accurate 
non-invasive localizing methods may, by reducing the 
needs for invasive recordings, make the preoperative 
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investigations more cost-effective and less cumber- 
some and risky for the patient. 
One non-invasive method that has been suggested 
for localizing the epileptogenic region is dipole recon- 
struction of the current source for interictal epilep- 
tiform activity68 ’ . However, before such a method 
can be adopted for routine clinical use, it must be 
shown that a reliable relationship exists between the 
extracranially recorded potential fields and the in- 
tracranial potential distribution. Some authors* have, 
on simultaneous intra- and extracranial recordings, 
found very little correlation between intra- and ex- 
tracranially recorded epiieptiform activity, and it has 
been questioned whether extracranially recorded in- 
terictal epileptiform activity really provides any sub- 
stantial information about the location of the epilep- 
togenic region. Recently, we reported reproducible 
correlations between the spatial distribution of sub- 
durally recorded spikes, and dipole results obtained 
from analysis of simultaneously recorded extracranial 
activity9. With these results we found support for the 
hypotheses formulated by Ebersole and Wade” and 
by Ebersole , 1 * that epileptiform discharges involving 
mesiobasal temporal structures, give different dipole 
@1997BritishEpilepsyAssociation 
304 G. Lantz et al 
results from discharges confined to neocortical areas, 
and that dipole analysis might be used to differentiate 
patients with mesolimbic epilepsy from patients with 
epilepsy of neocortical origin. For clinical purposes 
this differentiation is important, since the postoper- 
ative outcome of the former group is significantly 
better 1 . 
This study compares the dipole results in two differ- 
ent groups. The first group includes patients in whom 
intracranial recordings showed subtemporal seizure 
onset ipsilateral to the dipole locations, making an 
uncomplicated mesolimbic epilepsy likely. The sec- 
ond group includes patients in whom other than ip- 
silateral subtemporal or indeterminable seizure onset 
speak against uncomplicated mesolimbic epilepsy. If 
reproducible differences in dipole locations and ori- 
entations could be demonstrated between these two 
groups, dipole investigations may become a use- 
ful tool in differentiating mesolimbic epilepsy from 
epilepsy of other origins. 
PATIENTS AND METHODS 
All patients above 15 years of age, who, between 
April 1992 and February 1994, were investigated 
at our department with subdural electrodes covering 
one or both subtemporal areas were reviewed. Of 
these, those in whom previous extracranial record- 
ings had shown lateralized epileptiform discharges 
with a signal-to-noise ratio exceeding 2:l (visually 
estimated) were selected. Altogether, 22 patients ful- 
filling these criteria were found. 
The intracranial investigations had been made with 
Wyler electrodes (Ad-Tech Medical Instrument Cor- 
poration, Racine, WI, U.S.A.), using Nihon Kohden 
32-channel Neurofile equipment for the recordings. In 
eight cases the extracranial investigations had been 
performed with the same equipment as the subse- 
quent intracranial investigations, and in 14 cases with 
conventional Nihon Kohden EEG recording equip- 
ment, using a Biologic Banker@ to store the EEG 
signal. A common reference was used for all extracra- 
nial recordings. The sampling rate was 256 Hz, and 
the data were filtered off-line with LFF 2 Hz and 
HIT 20 Hz. 
A dipole reconstruction of the selected extracra- 
nial epileptiform discharges was made, using the 
dipole analysis program developed by Scherg (BESA, 
Garching Instrumente, Miinchen). For the analysis a 
regional source was used, consisting of three orthog- 
onal components which were constrained to have the 
same location. When the optimal location had been 
found, the source was reoriented at the time of max- 
imal EEG negativity, in such a way as to explain as 
much as possible of the activity at this time by one 
main component. 
Between 6 and 10 (mean, 9.4) individual epilepti- 
form discharges in each patient were analysed, result- 
ing in altogether 207 individual dipoles in the 22 pa- 
tients. For display purposes, and for the statistical 
evaluations, dipoles in the left hemisphere were pro- 
jected to their homologous area on the right-hand side 
(Figs 1 and 2). 
The 22 patients were divided into two separate 
groups (Table 1). Group A included all patients in 
whom the subdural recordings showed subtempo- 
ral seizure onset ipsilateral to the dipole locations. 
Besides eight patients, in whom seizure onset was 
clearly unilateral subtemporal, this group also in- 
cluded on patient (pt 2), with alternating left and 
right subtemporal-seizure onset, but with a clear pre- 
dominance for the side of the dipole locations, and 
one patient (pt 5) in whom both subtemporal areas 
were involved in the seizure initiation. Group B in- 
cluded all patients not showing ipsilateral subtempo- 
ral seizure onset, i.e. patients in whom a seizure on- 
set other than ipsilateral subtemporal was identified 
(n = 7), as well as patients in whom the subdural 
recordings were not able to localize the seizure on- 
set (n = 5). Group B contained one patient (pt 1 I) 
who had subtemporal seizure onset contralateral to 
the dipole locations, and two patients (pts 13 and 18) 
in whom seizure development was subtemporal, but 
clearly preceded by ictal activity outside subtemporal 
areas. 
The average dipole location and orientation for each 
of the 22 patients was calculated (Figs l(b) and 2(b)). 
Each of the five dipole parameters (location in an- 
teroposterior, mediolateral and dorsoventral direction, 
orientation in the horizontal and coronary planes) of 
the 22 averaged dipoles, was then analysed statisti- 
cally (one-way repeated measures ANOVA), for dif- 
ferences between the dipoles of group A and group B. 
Median values, ranges and quartile ranges for each 
dipole parameter in groups A and B, respectively 
were calculated (Fig. 4), and a K-means cluster anal- 
ysis (all variables analysed together, two clusters) was 
performed. 
RESULTS 
Dipole results (cluster of individual dipoles and aver- 
age of all dipoles) for group A patients are displayed 
in Fig. 1. In general, both orientations and locations 
of the individual dipoles were, within patients, quite 
similar (Fig. l(a)). The average orientation, in all pa- 
tients, was oblique posterior in the horizontal plane, 
with a slight to modest elevation in the coronary 
plane. The average location, in all patients, was in the 
anterior and medial part of the temporal lobe. There 
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Fig. 1: Scatter of individual dipoles (a) and average of all dipoles (b) in patients with subtemporal seizure onset ipsilateral to dipole 
locations (group A). 
was very little interpatient variability, both for orien- 
tations and locations (Fig. l(b)). Of the 10 group A 
patients, nine have so far undergone temporal-lobe 
resection, and of these, six are seizure free and three 
are much improved postoperatively (Table 1). 
Dipole results (cluster of dipoles and average of 
all dipoles) for group B patients are displayed in 
Fig. 2. Within patients, both orientations and loca- 
tions of the individual dipoles were rather similar, 
with exception for a few patients (pts 12, 13, 20, 
22) (Fig. 2(a)). Between patients the average orienta- 
tion in the horizontal plane was quite variable, rang- 
ing from oblique anterior to oblique posterior. The 
average dipole location also showed a considerable 
variability between patients, especially in the antero- 
posterior direction (Fig. 2(b)). Of six patients with lo- 
calized non-subtemporal seizure onset, five had been 
operated on with resection of the seizure-onset area 
(temporal lobe in three cases, frontal lobe in one case, 
and a tempoparietal lesion in one case), and all are 
seizure free or much improved (Table 1). The patient 
with subtemporal seizure onset contralateral to the 
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Fig. 2: Scatter of individual dipoles (a) 
undecided seizure onset (group B). 
projecteu to nomologous area ngnr sloe 
and average of all dipoles (b) in patients with other than ipsilateral subtemporal, or 
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Table 1: Lateralization of extracranially recorded interictal epileptiform activity, intracranial-seizure onset, CT/MR and SPECT 
findings, resected lobe, and postoperative outcome of all patients. 
Patient EC ii IC seizure onset CT/MR SPECT (CERETEC) Surgery Postop. result 
Group A: Seizure onset subtemporal and ipsilateral to dipole locations 
1 It It ST N It Fr Waiting 
for It T 
2 rt II/15 t-t ST N rt T rt T Impr 24 m 
4/15 It ST (no TC seiz) 
3 It It ST It T It T+bas ggl It T 0 seiz 12 m 
4 It It ST N It T+FT+bas ggl It T 0 seiz 18 m 
5 rt* rt ST (lt sT?)~ t-t T rt T rtT Few seiz 18 m 
6 rt rt ST N rt T I-tT 0 seiz 24 m 
7 rt rt ST It T rt T ltT 90% seiz red 12 m 
8 It It ST N rt T It T 0 seiz 24 m 
9 rt rt ST Wide rt T+F+P ltT 0 seiz 15 m 
ventr t-t 
10 It It ST N It T It T 0 seiz 30 m 
Group B: Intracranial seizure onset other than ipsilateral subtemporal or undecided 
li rt 
12 rt 
13 It 
It ST 
Undecided 
It ST (lt PO)c 
It+rt T 
N 
It PO+ 
rt T 
Widespread lt+rt 
It T+P 
It T 
No 
Waiting 
30% seiz red 21 m 
14 ltd 
15 rt 
16 It 
17 It 
18 t-t 
19 It 
20 It 
21 l-t 
Undecided 
rt IT 
Undecided 
Some It ST 
Some It 1T 
rt ST (rt lT)e 
Undecided 
Undecided 
rt F 
other 
N 
N 
N 
It F+T 
N 
rt T? 
N 
It F+T, rt F 
l-tT 
I-tT 
It TP 
l-tT 
It T 
rt T 
lt+rt F 
for les It 
PO 
No 
rt T 90% seiz red 24 m 
No 
It T 60% seiz red 14 m 
rt T 
No 
No 
I-tF 
One seiz 4 m 
0 seiz 2 m 
22rt rtTP rtTP rt TP les t-t TP 0 seiz 8 m 
*Less frequent interictal spikes left-hand side. 
bSeizure onset right subtemporal. Preceding rythmic sharp-wave activity left subtemporal. 
‘Seizure onset left subtemporal. Preceding rythmic sharp-wave activity left parieto-occipital. 
dAdditional spike focus right hemisphere with distinct frontal distribution. 
eSeizure onset right subtemporal. Preceding rythmic sharp-wave activity right lateral temporal. 
EC, extracranial; ii, interictal; IC, intracranial; seiz, seizure; It, left; t-t, right; T, temporal; ST, subtemporal; IT, 
lateral temporal; F, frontal; P, parietal; FT, frontotemporal; PO, parieto-occipital; N, normal; TC, tonic-clonic; 
bas ggl, basal ganglia; ventr, ventricles; impr, improvement; red, reduction; m, months; les, lesionectomy. 
dipole locations, has been operated on with resection 
of the lobe exhibiting seizure onset, with moderate 
(30%) seizure reduction. None of the five patients 
with undecided seizure onset have been operated on 
(Table 1). 
The cluster of averaged dipoles in group A patients 
is displayed in Fig. 3(a), together with their average 
(Fig. 3(b)). The corresponding results for group B 
patients is displayed in Fig. 3(c) and (d). The cluster 
of dipoles of the patients in group A shows a uni- 
formity, both in dipole orientation and in location, 
in contrast to the considerable orientational and lo- 
cational variability for patients in group B. Group A 
patients have an average orientation in the horizon- 
tal plane, that is significantly more posterior than for 
group B patients (P = 0.022), and an average loca- 
tion that is significantly more anterior (P = 0.045). 
Quartile ranges (Fig. 4) are for four of five dipole 
parameters higher in group B than in group A, and 
this difference is particularly clear for the horizonti, 
angle. With the K-means cluster analysis all patients 
in group A (pts l-lo), but also five of the 12 patients 
in group B (pts 11, 14, 16, 19, 21) were attributed to 
the same cluster. 
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AU patients with subtemporal seizure onset ipsilateral to dipole location (group A) 
All patients with other than ipsilateral subtemporal, or undecided seizure onset (group B) 
(cl Cd) 
Fig. 3: Scatter of averaged dipoles (a, c), and average of all averaged dipoles (b, d), for patients in group A and group B. 
Location (mm) Orientation (degrees) 
Media/lateral AnteroIposterior Dorsohrentral Horizontal Coronal 
Group A 
median (range) 39 (29 - 51) 15 (1 -26) 2 ((-7) - 12) 32 (21 - 54) 14 (6 - 24) 
quartile range 13 16 11 7 9 
Group B 
median (range) 
quartile range 
Fig. 4: Median value, range and quartile range for all dipole parameters in patients of group A and B, respectively. 
Location of intracranial seizure onset, CT/MR and 
SPECT findings, resected lobe, and postoperative out- 
come of all patients are summarized in Table 1. 
DISCUSSION 
In recent times any discussion concerning the use- 
fulness of extracranial electrophysiological investiga- 
tions in determining the location of the epileptogenic 
region have involved at least three different prob- 
lems. First, to what extent does interictal epilepti- 
form activity provide information about the location 
of the epileptogenic region? In most cases, the cor- 
relation between lateralization of temporal spikes on 
extracranial recordings and location of seizure onset 
is highI 13, and we have reported14 good agreement 
between dipole locations, obtained from extracranial 
interictal data, and intracranial seizure onset, both for 
temporal and extratemporal foci. Some authors, how- 
ever, have found the lateralizing information of scalp- 
recorded interictal spikes to be rather poor’5* 16, and it 
has been shown that the location of interictal epilepti- 
form activity may occasionally be quite different from 
the seizure-onset area*. 
Secondly, postulating that the location of interictal 
epileptiform activity actually is, at least partly, coin- 
ciding with the epileptogenic area, what are the possi- 
bilities of adequately visualizing the true intracranial 
distribution of this interictal activity from extracranial 
data alone? With the source model we are using, it 
is inherently impossible to unequivocally determine 
the number and spatial extent of intracranial sources. 
Theoretically, an infinite number of combinations of 
one or more active brain areas may give identical sur- 
face potential distributions, and consequently identi- 
cal dipole result& 17. Even if the dipole results could 
be proven to depict the one and only active brain area, 
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the spatial extension of this area would still be very 
difficult to estimate from dipole results alone. 
Thirdly, is there any reliable relationship between 
intra- and extracranial epileptiform activity? Alarcon 
et aLa, recording from intracranial, subdural, fora- 
men ovale, and surface electrodes simultaneously, ob- 
served fast neural transmission of activity between 
distant brain areas, a low deep-to-surface ratio of 
the extracranially recorded interictal epileptiform ac- 
tivity, considerable time delays between different 
recording sites, and a variable extracranial expression 
of apparently similar intracranial spikes. With these 
results it was concluded that source localization is 
not a useful method for presurgical assessment of the 
epileptogenic region. 
In order to address the third of these problems, a 
study was performed at our department, where in- 
terictal epileptiform discharges were recorded simul- 
taneously from subdural and extracranial electrodes, 
with subsequent dipole reconstruction of averaged ex- 
tracranial traces’. The results showed consistent dif- 
ferences in dipole results between spikes in subtem- 
poral and lateral temporal subdural electrodes, where 
the subtemporally recorded spikes generally gave a 
more posterior dipole orientation in the horizontal 
plane, and a more anterior location. Medial subtem- 
poral spikes had a more pronounced elevation in the 
coronal plane than lateral subtemporal. 
However, the fact that spikes recorded from sub- 
temporal subdural electrodes can be correlated to 
a specific extracranial dipole pattern, does not in- 
herently implicate that this dipole pattern reflects 
volume-conducted activity strictly confined to the 
deep temporal regions. Neural propagation between 
deep and superficia1 temporal areas has been shown to 
occurs, I89 19, and the relative contributions of volume- 
conducted vs. neurally propagated activity to the mea- 
sured surface potentials has not been fully established. 
Consequently, an alternative explanation would be 
that the subtemporal spikes activate one or more dis- 
tant areas through neural transmission, and that acti- 
vation of these areas constitute the dipole sources8. 
Because of the limited intracranial coverage in our 
investigation with simultaneous intra- and extracra- 
nial electrodes’, this possibility could not be ruled 
out, and consequently the evidence for a relation be- 
tween our dipole results and mesolimbic epilepsy in 
that investigation is somewhat weak. One observa- 
tion, that is usually considered to be a strong indicator 
of mesolimbic epilepsy, is subtemporal seizure onset 
on subdural recordings20~2’, combined with freedom 
from seizures after temporal lobe resection. One way 
of validating the correlation between our dipole re- 
sults and mesolimbic epilepsy further, would be to 
show that patients in whom a demonstrated subtem- 
poral seizure onset and postoperative seizure freedom 
have made mesoiimbic epilepsy likely, have dipole 
results similar to the ones associated with spikes lo- 
calized to the subtemporal area by subdural record- 
ings. 
In the current investigation, 10 patients had subtem- 
poral seizure onset ipsilateral to the dipole locations, 
and of these, nine have so far undergone temporal 
lobe resection and are all seizure free or much im- 
proved postoperatively (Table 1). Consequently, there 
is considerable evidence that the epilepsy in these 
patients was of mesolimbic origin. All these patients 
showed dipole results of the kind postulated to reflect 
mesolimbic epilepsy. This indicates that the dipole 
method has a high sensitivity in identifying patients 
with epilepsy of mesolimbic origin. 
Eleven patients had seizure onset outside the sub- 
temporal area. In seven of these patients the dipole 
results were clearly different from those associated 
with mesolimbic epilepsy. In four patients however, 
(pts 14, 16, 19, 21) the dipole results were rather sim- 
ilar to those of the patients with subtemporal seizure 
onset, as demonstrated by the cluster analysis. In three 
of these four patients seizure onset was undecided 
and, since subdural electrodes only record from a 
very limited area’), one possible explanation could be 
that the mesolimbic area is in fact involved in the 
seizure initiation. In one patient (pt 1 l), seizure on- 
set waS subtemporal, but contralateral to the dipole 
location area. In this patient the dipole results were 
similar to the group A patients. One explanation for 
these results would be that this patient had bilateral 
mesolimbic epileptogenic regions, a hypothesis which 
is supported by the moderate postoperative reduction 
of seizure frequency. 
In the coronal plane both group A and group B 
dipoles had an elevated orientation, and the aver- 
age elevation was slightly more pronounced for the 
group A cases (Fig. 3(b) and (d)). In an investiga- 
tion by Ebersolet ‘, using the same dipole reconstruc- 
tion method as ours, dipoles with an oblique ele- 
vated orientation in the coronal plane were attributed 
to mesolimbic epilepsy, whereas dipoles without el- 
evation were associated with epilepsy of neocortical 
origin. In Ebersole’s investigations the oblique ele- 
vated dipoles were divided into two components, one 
radial and one tangential. The tangential component 
was attributed to activation of mesial temporal struc- 
tures, whereas the radial component was considered 
to reflect activation of lateral temporal areas. One 
problem with this approach is that the sources are 
a priori postulated to be either tangentially or radi- 
ally oriented. However, any one-dimensional source, 
with an orientation other than tangential or radial, 
would give contributions to both composants of this 
two-dipole source model, resulting in an apparent bi- 
directional source. When, analysing the extracranial 
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fields of averaged subtemporal discharges, in our si- 
multaneous intra/extracranial investigationg, a source 
consisting of three orthogonal components was reori- 
ented at the timepoint of maximal intracranial EEG 
amplitude. The activity at this timepoint was, in most 
cases, quite well explained by only one of the three 
directional components, and this component had an 
oblique elevated, oblique posterior orientation. The 
other components in most cases only picked up ran- 
dom activity. With these results in mind we chose 
to use only one directional component for the dipole 
modelling. 
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When analysing interictal epileptiform activity using 
a three-shell spherical head model, dipoles located 
in the anterior temporal area, with an oblique poste- 
rior orientation in the horizontal plane, and a slight 
elevation in the coronal plane, indicate an epilepto- 
genie area in the mesolimbic cortex. Dipole locations 
or orientations deviating from this pattern, indicate 
an epileptogenic zone outside mesolimbic structures. 
Consequently, we believe that dipole analysis of in- 
terictal epileptiform activity can given an indication 
of whether the epilepsy in patients considered for 
epilepsy surgery is of mesolimbic or neocortical ori- 
gin. 
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